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Abstract
We have examined relationships between phospholipid headgroup structure and acyl chain dynamics, and their respective
roles in modulating the physical properties of biological membranes. Fluorescence lifetime and anisotropy measurements
were used to assess structural changes involving the lipid acyl chains in homogeneous populations of small and large
unilamellar vesicles containing binary mixtures of dioleoyl-phosphatidylcholine (PC) and dioleoyl-phosphatidylethanol-
amine (PE) in the liquid-crystalline (LK) phase. These measurements involve three different fluorescent lipid analogs
containing diphenylhexatriene (DPH) linked to either a trimethylamine moiety (i.e., TMA-DPH) or the sn-1 position of
monostearoyl-phospholipids containing PC or PE headgroups (i.e., DPH-PC and DPH-PE). The average lifetimes,
rotational correlation times, and order parameters associated with DPH-PC and DPH-PE are virtually identical, and are not
affected by alterations in the PE content of the membrane. These results suggest that the average cross-sectional areas of the
phospholipid acyl chains of DOPE and DOPC relative to the membrane normal are similar in these unilamellar vesicles.
Since PC headgroups are larger than those of PE, differences in the relative orientation of the phosphocholine and
phosphoethanolamine moieties relative to the membrane surface probably function to maintain optimal van der Waals
contact interactions between acyl chains. On the other hand, the average lifetime associated with TMA-DPH, whose
chromophoric group is near the membrane surface, increases with increasing PE content. The position of TMA-DPH relative
to the membrane surface does not change, since the rotational dynamics of TMA-DPH are independent of the PE
concentration. Therefore, alterations in the average lifetime of TMA-DPH results from polarity differences near the
membrane surface at the level of the glycerol backbone. These results are discussed in terms of how differences in the average
conformation of the glycerol backbones or phospholipid headgroups of PE and PC have the potential to regulate membrane
function. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Understanding the roles of the large variety of
phospholipids in modulating membrane function re-
mains a fundamental biological question. In this re-
spect, lipids that promote the formation of nonbi-
layer phases are important to the maintenance of
normal cellular function and the optimal activity of
a range of peripheral and integral membrane proteins
[1^3]. Phospholipids containing phosphatidylethanol-
amine headgroups (PE) are the most abundant non-
bilayer promoting phospholipids present in the mem-
branes of eukaryotic cells, and have been shown to
in£uence the physico-chemical properties of biologi-
cal membranes [4,5]. Thus, PE has the potential to
regulate a wide range of biological processes includ-
ing the activation of membrane proteins and mem-
brane fusion [6^17]. In addition, the formation of
liposomes containing variable amounts of PE o¡ers
a potential mechanism to alter the stability of lip-
osomes that may be therapeutically useful [18]. Since
it is widely believed that all phospholipid headgroups
are oriented parallel to the membrane surface, the
physical basis for this regulation by PE has been
suggested to be related to the smaller relative cross-
sectional areas of the phosphoethanolamine head-
group relative to the acyl chains. Thus, the smaller
PE headgroup would be expected to limit the rota-
tional dynamics of the fatty acyl chains and result in
alterations in bilayer structure [19^26]. Consistent
with this interpretation, previous 2H-NMR and £uo-
rescence anisotropy measurements of the rotational
dynamics of either perdeuterated phospholipids or
DPH-PC in binary mixtures of PE and PC suggest
a correlation between the PE content of the mem-
brane and the molecular order of the phospholipid
acyl chains [24^29]. However, di¡erences in bilayer
morphology have previously been shown to alter the
structural packing of membrane phospholipids
[30,31]. Thus, the e¡ect of PE on the measured order
parameter may, in part, have been related to the use
of lipid dispersions, whose average diameter, number
of bilayer layers, and interlamellar spacings may be
a¡ected by the PE content of the membrane [32^37].
It therefore remains unclear whether the PE-induced
structural changes observed in lipid dispersions re-
sults from di¡erences in vesicle morphology or
from steric e¡ects involving neighboring phospholip-
ids within the plane of a single bilayer. As a result,
previous measurements in which alterations in the
rotational dynamics of phospholipid acyl chains
have been shown to correlate with the PE content
of the membrane cannot be simply interpreted in
terms of structural di¡erences involving individual
phospholipids.
To examine how phospholipid acyl chain dynamics
are related to intrinsic structural di¡erences involving
membrane phospholipid headgroups, we have used
£uorescence spectroscopy to investigate the rotation-
al dynamics of phospholipid acyl chains in homoge-
neous populations of either small or large unilamellar
vesicles composed of binary mixtures of DOPE and
DOPC whose physical dimensions were directly
measured. Three di¡erent lipid analogs containing
DPH chromophores linked either to a trimethyl-
amine moiety (i.e., TMA-DPH) at the membrane
surface or through a three-carbon linkage at the sn-
1 position of the glycerol backbone of monostearoyl-
PC or -PE (i.e., DPH-PC and DPH-PE; Fig. 1) were
incorporated into these membranes to detect the
Fig. 1. Space-¢lling models representing £ourescent lipid ana-
logs used in this study. The elements are depicted with their
corresponding van der Waals radii, and correspond to: H
(small shaded spheres), C (medium light gray spheres), O (me-
dium black spheres), N (medium shaded spheres), and P (large
shaded spheres).
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phospholipid acyl chain rotational dynamics. These
measurements involve the same types of £uorescence
measurements and lipid species used in a previous
study, which investigated the in£uence of PE on
phospholipid acyl chain dynamics in lipid dispersions
[28]. Contrary to these previous measurements, we
¢nd that PE does not signi¢cantly alter either the
rate of rotational motion or residual anisotropy (or-
der) associated with phospholipid acyl chains within
unilamellar vesicles of a uniform size. Thus, PE has
di¡erent structural e¡ects on phospholipid acyl
chains in these homogeneous unilamellar vesicles rel-
ative to previous results obtained using lipid disper-
sions. Signi¢cant alterations in the polarity near the
membrane surface are observed upon increasing the
PE content of the bilayer that arise due to conforma-
tional di¡erences involving the glycerol backbone or
headgroup of PE and PC.
2. Materials and methods
2.1. Reagents and bu¡ers
Dioleoyl-phosphatidylethanolamine (DOPE), dio-
leoyl-phosphatidylcholine (DOPC), 2-(3-(diphenyl-
hexatrienyl)propanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphocholine, and phosphoethanolamine (i.e.,
DPH-PE and DPH-PC) were purchased from Avanti
Polar Lipids (Alabaster, AL), dissolved in chloroform.
1-(4-Trimethylammoniumphenyl)-6-phenyl-1,3,5-hex-
atriene (TMA-DPH) was purchased from Molecular
Probes, Inc. (Eugene, OR). 3-(N-Morpholino) pro-
pane sulfonic acid (MOPS) was purchased from
Fischer (Fair Lawn, NJ). All other chemicals were
purchased from Sigma (St. Louis, MO), unless oth-
erwise indicated.
2.2. Preparation of liposomes
TMA-DPH, DPH-PE, or DPH-PC dissolved in
chloroform were directly added to binary mixtures
of DOPE and DOPC in chloroform at a molar ratio
of 1:200. The lipid mixtures were dried under nitro-
gen, and placed under a vacuum overnight to remove
trace amounts of chloroform. Lipid mixtures were
subsequently suspended in 20 mM MOPS (pH 7.0),
using a Branson 1200 bath sonicator (Branson Ultra-
sonics, Danbury, CT). To make large unilamellar
vesicles (LUVs), the lipid suspensions were quickly
frozen in liquid nitrogen and thawed at room tem-
perature at least six times to eliminate any transmem-
brane ionic gradients. These membranes were subse-
quently passed six-times through either 0.1 Wm or 0.2
Wm Millipore polycarbonate ¢lters (Bedford, MA) at
a nitrogen pressure of 750 psi using the Extruder
(Lipex Biomembranes, Vancouver, BC), essentially
as previously described [38^40]. The relative molar
concentrations of DOPE and DOPC in the LUVs
were virtually identical to that in the original lipid
mixture, since the concentration of either DPH-PE
or DPH-PC in the LUVs was not changed. Essen-
tially all of the phospholipid was recovered following
extrusion. The resulting vesicle sizes were directly
measured using dynamic light scattering, and the dis-
tribution of vesicle sizes was ¢t to a Gaussian distri-
bution (Nicomp 370 submicron particle sizer; Santa
Barbara, CA), as previously described in detail [41].
To make small unilamellar vesicles (SUVs), hydrated
lipid suspensions in an ice bath were sonicated to
opalescence using a Branson 250 probe sonicator
(Branson Ultrasonics, Danbury, CT) at 40% output
and 20% duty cycle for 10^15 min. Large vesicle
aggregates were subsequently removed by centrifuga-
tion at 100 000Ug for 30 min. SUVs in the resulting
supernatant were further size fractionated using
Sephacryl S-1000 size exclusion chromatography to
obtain uniform small unilamellar vesicles, essentially
as previously described [42].
2.3. Fluorescence measurements
Excitation of DPH involved the 364 nm line from
a Coherent Innova 400 argon ion laser (Santa Clara,
CA), and the £uorescence emission was detected sub-
sequent to a Schott GG400 long-pass ¢lter using an
ISS K2 frequency domain £uorometer, as described
previously [43,44]. The sample temperature was 25‡C.
2.4. Analysis of £uorescence intensity decays
The time-dependent decays I(t) of any £uorophore
can always be described as a sum of exponentials,
It 
Xn
i1
Kie3t=di; 1
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where Ki are the pre-exponential factors, di are the
excited state decay times, and n is the number of
exponential components required to describe the de-
cay. The intensity decay law is obtained from the
frequency response of the amplitude-modulated light,
and is characterized by the frequency (g)-dependent
values of the phase-shift (Pg) and modulation (mg).
The parameters describing the decay law are com-
pared with the calculated values (Pcg and mcg)
from an assumed decay law, and the parameters
chosen are those that minimize the squared devia-
tion. Explicit expressions permit the ready calcula-
tion of Ki and di [45], where:
xcg  arctan NgDg
 
and mcg  N2g D2g
 
: 2
Ng and Dg are related to the parameters of interest
through the following transforms (where g is the
modulation frequency in radians per second):
Ng
Xn
i1
Kigd2i
1 g2d2i 
 
Xn
i1
Kidi
and Dg
Xn
i1
Kidi
1 g2d2i 
 
Xn
i1
Kidi
: 3
Parameter values are determined by minimizing the
M2R (the F statistic) which serves as a goodness-of-¢t
parameter that provides a quantitative comparison
of the adequacy of di¡erent assumed models [46],
where:
M2R 
1
e
Xn
g0
xg3xcg
Nx
 
2  1
e
Xn
g0
mg3mcg
Nm
h i
2: 4
X is the number of degrees of freedom, and Nx or Nm
are the experimental uncertainties in the measured
phase and modulation values, which were respec-
tively assumed to be 0.2 and 0.005. Data were ¢t
using the method of nonlinear least squares to a
sum of exponential decays [47]. Subsequent to the
measurement of the intensity decay, one typically
calculates the average lifetime, 6 ds , which is
weighted by the fractional intensities (fi) associated
with each of the pre-exponential terms, where:
6dsr
Xn
i1
Kid2iXn
i1
iKidi

Xn
i1
if idi; 5
and 6 ds is directly related to the average time the
£uorophore is in the excited state [48].
2.5. Analysis of £uorescence anisotropy decays
Time-resolved anisotropies were measured from
the phase angle di¡erence (vg) between the perpen-
dicular (PP) and parallel (PN) components of the dif-
ferential phase (i.e., vg = PP3PN) and from the ratio
of the amplitudes (1g) of the parallel (mN) and per-
pendicular (mP) components of the modulated emis-
sion (1g = mN/mP). The decay of the parallel (N) and
perpendicular (P) components of the decay are given
by:
INt 13
 
It 12rt  and IPt 13
 
It 13rt ;
6
where r(t) is the time-resolved decay of anisotropy.
In general r(t) can be described as a multiexponential
decay:
rt  ro3rrU
Xn
i
gie3t=Bi  rr; 7
where ro is the limiting anisotropy in the absence of
rotational di¡usion, Pi are the rotational correlation
times, and roUgi are the amplitudes of the total ani-
sotropy loss associated with each correlation time.
Using frequency domain £uorescence spectroscopy,
the phase angle di¡erence (vg) and ratio of modula-
tion amplitudes (1g) between the parallel and per-
pendicular components of the emission are meas-
ured, where:
vg  PP3PN and 1g  mNmP: 8
The expected values of vg (vcg) and 1g (1cg) can be
calculated from the sine and cosine transforms of the
individual polarized decays [48]:
Ni 
Z r
0
I it sin gt dt and Di 
Z r
0
I it cos gt dt:
9
The frequency-dependent values of the phase angle
di¡erence (vg) and the ratio of the modulation am-
plitudes (1g) are given by:
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vcg  arctan DNNP3DPNNNNNP DNDP
 
and 1cg 
N2N D2N
N2P D2N
1
2
24 35; 10
where Ni and Di are individually calculated at each
frequency. The parameters describing the anisotropy
decay are obtained by minimizing the weighted
squared deviations between measured and calculated
values:
M2R 
1
X
X
g
vg3vcg
Nv
 
2  1
X
X
g
1g31cg
N1
 
2; 11
where Nv and N1 are the estimated uncertainties in
the phase angle di¡erence (Nv) and the ratio of the
modulated anisotropies (N1), respectively. In general,
the errors in Nv were estimated to be 0.2‡ and in N1
to be 0.005. Additional details are described else-
where [46,49,50].
The DPH analogs used in these measurements
have an axis of symmetry relative to the membrane
normal, permitting one to calculate the order param-
eter (S) associated with the phospholipid acyl chains
from the measured residual anisotropy [17,51^53],
where:
S  rr
ro
 
0:5: 12
Errors in di¡erential phase (vg) and modulated an-
isotropy (1g) were generally assumed to be 0.2‡ and
0.01, respectively.
3. Results
3.1. Extrusion of large unilamellar vesicles
An understanding of the relationship between al-
terations in the PE composition of the membrane
and possible dynamic structural changes involving
neighboring phospholipid acyl chains in the same
bilayer requires that the size of the vesicles should
not change as a function of PE content, since alter-
ations in the physical dimensions of membrane
vesicles can modify the structural interactions be-
tween neighboring phospholipids [30^32]. Therefore,
to avoid possible alterations in the rotational dynam-
ics of membrane phospholipids that may be a¡ected
by either interactions between membrane bilayers or
changes in the overall physical dimensions of the
membrane vesicle, we have generated large unilamel-
lar vesicles (LUVs) with de¢ned physical dimensions
containing variable amounts of DOPE and DOPC,
as described in Section 2. To assess possible struc-
tural changes involving the phospholipid acyl chains,
small (i.e., 0.5 mole percent) amounts of a phospho-
lipid analog containing DPH were mixed with DOPE
and DOPC in CHCl3 before liposome formation.
The average size and heterogeneity characteristic of
the extruded samples was determined by dynamic
light scattering [41]. To detect possible alterations
in membrane phospholipid acyl chains that may be
Fig. 2. Dynamic light scattering measurement of average vesicle
diameters and associated distribution of vesicle sizes. Binary
mixtures of DOPC and DOPE in 20 mM MOPS (pH 7.0) were
extruded six times through Millipore ¢lters with 0.1 Wm (a)
and 0.2 Wm (b) pore sizes, as described in Section 2. The result-
ing large unilamellar vesicles composed of varying amounts of
DOPC and DOPE had respective mean diameters of 114 þ 3
and 182 þ 7 nm, which is indicated by the line. There was no
signi¢cant change in the mean diameter of the vesicles upon in-
creasing the PE content of the membrane, as indicated by the
large P values associated with ¢tting the data to a straight line,
where the respective slopes associated with the 114 and 182 nm
LUVs correspond to 30.4 þ 0.2 and 30.1 þ 0.1 with P values of
0.12 and 0.53. The distribution of vesicle sizes was modeled as
a Gaussian distribution [41], and the half-width (i.e., full width
at half height) is indicated by the error bars. For clarity, only
half the associated distribution in indicated.
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sensitive to the overall dimensions of the vesicle, two
separate populations of LUVs were created using
Millipore ¢lters with 0.1 and 0.2 Wm pore sizes.
The resulting LUVs have average diameters corre-
sponding to 114 þ 3 and 182 þ 7 nm (Fig. 2). The
distribution of vesicle sizes are larger for the 182
nm vesicles relative to the 114 nm vesicles, as indi-
cated by the associated error bars that correspond to
the half-width of a Gaussian distribution. Both the
average diameter and distribution of vesicles sizes are
essentially independent of the PE content.
3.2. Generation of small unilamellar vesicles
Additional information regarding the in£uence of
PE on acyl chain dynamics was obtained using small
unilamellar vesicles (SUVs), where the small vesicle
size results in a large amount of curvature that may
accentuate structural e¡ects associated with di¡eren-
ces in headgroup sizes. These samples are particu-
larly relevant to assess the possible in£uence of PE
content on membrane structure since they have a
comparable diameter to that characteristic of synap-
tic vesicles, whose stability and associated fusogenic
capability may be modulated by their PE content
[54,55]. A homogeneous population of SUVs was
obtained using Sephacryl S-1000 size exclusion chro-
matography (Fig. 3). The average diameters associ-
ated with larger liposomes obtained in the columns
early fractions were measured using dynamic light
scattering (see above), and were used to obtain an
estimate of the apparent diameter of the SUVs by
Fig. 3. Separation of a homogeneous population of small unilamellar vesicles by size exclusion chromatography. Sonicated vesicles (2
ml) containing 13 Wmole of DOPC and 60 nmole of TMA-DPH were applied to a Sephacryl S-1000 column at a £ow rate of 0.2 ml/
min. The absorbance of TMA-DPH (b) or the vesicle scattering (a) was monitored. Individual fractions containing 1.6 ml were col-
lected. To estimate of the sizes of the SUVs the average vesicle diameter of samples with elution volumes (Ve) corresponding to 10,
16, and 18 ml were measured using dynamic light scattering, as described in Section 2. The respective vesicle diameters (D) were 220,
80, and 60 nm, and are plotted relative to Ve as previously described [56] (see inset), where:
D  bUerf31 13V e3Vo
V t3Vo
 
 a:
An estimate of the size of the SUVs was obtained from the position of the eluted vesicles (indicated by arrow; Ve = 21 ml), where the
void volume (Vo) and total volume (Vt) of this column were 8 and 27 ml, respectively. Column internal diameter was 1.7 cm. The
slope of the line (b) and intercepts (a) are constants associated with the individual column, and were respectively 218 þ 9 and -36 þ 7.
Analogous chromatograms were obtained independent of the lipid composition. Samples were eluted in 20 mM MOPS (pH 7.0) at
25‡C.
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extrapolation [56]. The SUVs isolated for further
study have an apparent diameter of about 23 nm
(Fig. 3, inset), and their average diameter is inde-
pendent of PE content (data not shown).
3.3. Fluorescence lifetime measurements of DPH lipid
analogs
The lifetime properties of £uorophores are sensi-
tive to alterations involving the polarity of the local
environment [48], and spectroscopic analogs of mem-
brane lipids containing DPH provide a sensitive
means of identifying structural alterations involving
membrane lipids that may be relevant to modulating
membrane function [57^60]. We have therefore used
frequency-domain £uorescence spectroscopy to
measure the lifetime properties of TMA-DPH in
SUVs and LUVs as a function of the PE content
of the membrane. Representative data collected at
14 frequencies between 4 and 200 MHz are shown
in Fig. 4 for TMA-DPH in 110 nm LUVs composed
of either DOPC or of an equal molar mixture of
DOPC and DOPE. In all cases, with increased fre-
quencies, the modulation decreases and the phase
angle increases relative to the incident light. These
parameters can be used to obtain the lifetime values
for the excited state of the £uorophore (i.e., fi and di ;
Tables 1 and 2). In the presence of DOPE the fre-
quency response is shifted toward lower frequencies,
indicating that the average lifetime becomes longer
(Fig. 4). To consider the in£uence of the PE content
of the membrane on the average lifetime of TMA-
DPH, we have ¢t the data to a sum of exponentials,
essentially as previously described [50]. Analogous
results were obtained using SUVs and LUVs (Table
1), and comparable increases in the average lifetime
of TMA-DPH were observed to correlate with the
content of DOPE, which was independent of vesicle
size (Fig. 5). The longer £uorescence lifetimes asso-
ciated with increased DOPE content in the mem-
brane suggest that PE headgroups reduce the polar-
ity surrounding these chromophores. The decreased
polarity may result from structural di¡erences in ei-
ther the conformation of the glycerol backbone or
hydration of PE and PC headgroups.
Additional information regarding possible altera-
tions in the structures of the phospholipid acyl chains
involved the measurement of the lifetime of phospho-
lipid analogs containing DPH (i.e., DPH-PE and
DPH-PC). We ¢nd that like TMA-DPH, a two-ex-
ponential decay adequately describes the £uorescence
lifetime decay associated with these £uorophores
(Table 2). The longer average lifetimes associated
with DPH-PC and DPH-PE (6 dsW6.5 þ 0.1 ns;
Table 2) relative to TMA-DPH (6 dsW3.2 þ 0.1
ns; Table 1) are consistent with the more buried
location of the DPH chromophore in these phospho-
lipid analogs (Fig. 1). Therefore, DPH-PC and DPH-
Fig. 4. Frequency-domain lifetime data of TMA-DPH in binary
mixtures of DOPC and DOPE containing 0% (a,E) and 50%
(b,F) DOPE. Increasing the modulation frequency (in MHz) re-
sults in a larger phase shift (a,b) and the smaller modulation
(E,F), as described in Section 2. The experimental data are
shown in panel C, and the lines drawn through the data repre-
sent a two-exponential ¢t to the data for 0% (solid line) and
50% (dashed line) DOPE. The weighted residuals associated
with both a one-exponential (O,R) and two-exponential ¢t to
the phase (a,b) and modulation data (E,F) are shown in panels
A and B, respectively. The M2R obtained for the one- and two-
exponential ¢ts to the data for both 0% and 50% DOPE (mole/
mole) were respectively 260 and 200 (one-exponential ¢t) and
0.6 and 1.7 (two-exponential ¢t). There was no improvement in
M2R associated with ¢tting the data to a three-exponential model.
The weighted residuals are the absolute di¡erence between the
experimental data and the ¢t to the two-exponential model,
normalized by the standard deviation of the measurements,
which correspond to 0.2‡ and 0.005 for the phase and modula-
tion measurements. Sample conditions included 20 mM MOPS
(pH 7.0) at 25‡C.
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PE are insensitive to local structural changes near the
membrane surface [61,62].
The lifetime parameters of DPH-PC and DPH-PE
are very similar, and do not change as a function of
either the size of the vesicle or the PE content in the
membrane (Table 2). Thus, the environments of the
phospholipid acyl chains in DOPC and DOPE are
virtually identical. These results indicate that PE
does not alter the placement of the DPH chromo-
phore relative to the membrane normal or change
the permeability of the membrane. Therefore, di¡er-
ences in the average lifetime of TMA-DPH associ-
ated with alterations in the PE content of the mem-
brane are related to polarity changes involving the
membrane surface.
3.4. Measurements of lipid acyl chain rotational
dynamics
Frequency-domain £uorescence anisotropy meas-
urements of the rotational dynamics of TMA-DPH,
DPH-PC, and DPH-PE were used to detect possible
structural alterations in the phospholipid acyl chains.
The di¡erential phase angles and modulated aniso-
tropy were measured at 24 frequencies between 5 and
200 MHz, as shown in the example for TMA-DPH
(Fig. 6). An optimal ¢t of the data was obtained
using a model involving one rotational correlation
time and a residual anisotropy (i.e., rr), which is
related to the order parameter of the bilayer
[51,53,63,64]. The latter model is consistent with
Table 1
Lifetime parameters (TMA-DPH)a
Sample [DOPE] f1 d1 (ns) f2 d2 (ns) 6 ds (ns)
A. SUVs (W23 nm) 0% 0.20 (0.02) 0.6 (0.1) 0.80 (0.02) 3.6 (0.1) 3.0 (0.1)
5% 0.18 (0.02) 0.5 (0.1) 0.83 (0.02) 3.4 (0.1) 2.9 (0.1)
10% 0.22 (0.05) 1.1 (0.2) 0.78 (0.05) 3.6 (0.2) 3.1 (0.3)
20% 0.26 (0.05) 1.4 (0.1) 0.74 (0.05) 3.8 (0.2) 3.2 (0.2)
33% 0.21 (0.04) 1.2 (0.1) 0.79 (0.04) 3.8 (0.2) 3.2 (0.2)
40% 0.37 (0.06) 1.7 (0.1) 0.63 (0.06) 4.3 (0.3) 3.4 (0.3)
50% 0.23 (0.04) 1.4 (0.1) 0.77 (0.04) 4.0 (0.2) 3.4 (0.2)
B. LUVs (110 þ 5 nm) 0% 0.22 (0.03) 0.7 (0.2) 0.78 (0.03) 3.7 (0.1) 3.0 (0.2)
5% 0.18 (0.01) 0.4 (0.1) 0.82 (0.01) 3.5 (0.1) 3.0 (0.1)
10% 0.18 (0.02) 0.5 (0.1) 0.82 (0.02) 3.6 (0.1) 3.0 (0.1)
20% 0.22 (0.02) 0.7 (0.2) 0.78 (0.02) 3.8 (0.1) 3.1 (0.1)
25% 0.20 (0.01) 0.7 (0.1) 0.80 (0.01) 3.8 (0.1) 3.2 (0.1)
30% 0.22 (0.03) 0.9 (0.3) 0.78 (0.03) 3.9 (0.1) 3.2 (0.2)
33% 0.17 (0.01) 0.5 (0.1) 0.83 (0.01) 3.7 (0.1) 3.2 (0.1)
40% 0.18 (0.02) 0.6 (0.2) 0.82 (0.02) 3.8 (0.1) 3.2 (0.1)
50% 0.20 (0.01) 0.7 (0.1) 0.80 (0.01) 4.0 (0.1) 3.3 (0.1)
60% 0.21 (0.02) 0.8 (0.1) 0.79 (0.02) 4.0 (0.1) 3.3 (0.1)
C. LUVs (180 þ 16 nm) 0% 0.20 (0.01) 0.6 (0.1) 0.80 (0.01) 3.6 (0.1) 3.0 (0.1)
5% 0.16 (0.01) 0.4 (0.1) 0.84 (0.01) 3.6 (0.1) 3.1 (0.1)
10% 0.19 (0.01) 0.6 (0.1) 0.81 (0.01) 3.8 (0.1) 3.2 (0.1)
20% 0.19 (0.01) 0.6 (0.1) 0.81 (0.01) 3.7 (0.1) 3.1 (0.1)
25% 0.18 (0.01) 0.6 (0.1) 0.82 (0.01) 3.7 (0.1) 3.1 (0.1)
30% 0.17 (0.01) 0.6 (0.1) 0.83 (0.01) 3.7 (0.1) 3.2 (0.1)
33% 0.17 (0.01) 0.7 (0.1) 0.83 (0.01) 3.7 (0.1) 3.2 (0.1)
40% 0.17 (0.01) 0.7 (0.1) 0.83 (0.01) 3.8 (0.1) 3.2 (0.1)
50% 0.16 (0.01) 0.6 (0.1) 0.84 (0.01) 3.8 (0.1) 3.3 (0.1)
60% 0.15 (0.01) 0.6 (0.1) 0.85 (0.01) 3.9 (0.1) 3.4 (0.1)
aDOPE concentrations represent the molar fraction of DOPE relative to DOPC. The fractional intensities (fi) and lifetime components
(di) were obtained from a two-exponential ¢t to the data. Experimental conditions are as described in the legend of Fig. 4, and the in-
dicated errors associated with fi and di (shown in brackets) represent the standard deviations obtained from two independent measure-
ments. The average lifetime is calculated as 6 ds = f1Ud1+f2Ud2, and the indicated errors were propagated [47].
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the structural features associated with phospholipids
in biological membranes, which form two-dimension-
al lattices whose phospholipid acyl chains are ex-
pected to undergo highly anisotropic motion [65].
In discussing these data (see below), we have plotted
the calculated order parameters, which are more
easily compared with previous 2H-NMR and £uores-
cence anisotropy measurements.
The apparent order parameters are smaller and the
rotational correlation times are longer for TMA-
DPH partitioned into SUVs relative to LUVs (Fig.
7). These £uorescence measurements are not able to
resolve expected di¡erences in the dynamics of phos-
pholipid acyl chains in the inner and outer bilayer
lea£ets of SUVs, and therefore represent averaged
values that prevent a quantitative comparison of
the rotational dynamics of the phospholipid acyl
chains in SUVs and LUVs. Nevertheless, these re-
sults con¢rm previous suggestions that there are
structural di¡erences near the membrane surface in
SUVs that result from their high degree of curvature
[31]. Importantly, irrespective of vesicle size there are
no alterations in the rotational dynamics of TMA-
DPH upon increasing the PE content of the mem-
brane (Fig. 7). Thus, the presence of PE headgroups
does not alter the structural features of the phospho-
lipid acyl chains. The observed increase in the aver-
age lifetime of TMA-DPH upon increasing the PE
content of the membrane (see Section 3.3) is there-
Fig. 5. Comparison of the average £uorescence lifetimes of
TMA-DPH in either large unilamellar vesicles with average di-
ameters corresponding to 114 þ 3 nm (a) and 182 þ 7 nm (b) or
in small unilamellar vesicles with an apparent diameter of about
23 nm (E). Individual data points represent the mean from two
to three individual measurements. Standard errors of the mean
associated with individual data points correspond to less than
6% of the indicated value, and are documented fully in Table
1. The solid line represents the combined ¢t to all three data
sets using linear regression, where the slope and intercept are
6.4 þ 0.6U1033 and 3.00 þ 0.02. P = 3.0U1034, indicating with
greater than 99% con¢dence that the DOPE content in the
membrane increases the lifetime of TMA-DPH.
Table 2
Lifetime parameters (DPH-PC and DPH-PE)a
Sample [DOPE] Probe f1 d1 (ns) f2 d2 (ns) 6 ds (ns)
A. SUVs (W23 nm) 0% DPH-PC 0.16 (0.04) 2.3 (0.1) 0.84 (0.04) 7.1 (0.1) 6.3 (0.3)
PH-PE 0.17 (0.01) 1.9 (0.4) 0.83 (0.01) 7.1 (0.1) 6.3 (0.1)
25% DPH-PE 0.17 (0.02) 2.7 (0.1) 0.83 (0.02) 7.2 (0.1) 6.5 (0.1)
PH-PE 0.22 (0.05) 2.4 (1.2) 0.78 (0.05) 7.4 (0.3) 6.3 (0.6)
50% DPH-PC 0.16 (0.06) 2.5 (0.6) 0.84 (0.06) 7.3 (0.4) 6.6 (0.6)
PH-PE 0.18 (0.01) 2.0 (0.4) 0.82 (0.01) 7.5 (0.4) 6.5 (0.4)
B. LUVs (110 þ 5 nm) 0% DPH-PC 0.12 (0.03) 2.0 (0.6) 0.88 (0.03) 6.9 (0.2) 6.5 (0.3)
PH-PE 0.17 (0.01) 2.3 (0.2) 0.83 (0.01) 7.3 (0.1) 6.5 (0.1)
25% DPH-PC 0.14 (0.04) 2.4 (0.6) 0.86 (0.04) 7.1 (0.3) 6.4 (0.4)
PH-PE 0.14 (0.02) 2.1 (0.3) 0.86 (0.02) 7.3 (0.1) 6.4 (0.2)
50% DPH-PC 0.13 (0.03) 2.3 (0.6) 0.87 (0.03) 7.2 (0.3) 6.6 (0.4)
PH-PE 0.17 (0.01) 2.2 (0.2) 0.83 (0.01) 7.6 (0.2) 6.7 (0.2)
aDOPE concentrations represent the molar fraction of DOPE relative to DOPC. The fractional intensities (fi) and lifetime components
(di) were obtained from a two-exponential ¢t to the data. Experimental conditions are as described in the legend of Fig. 4, and the in-
dicated errors associated with fi and di (shown in brackets) represent the standard deviations obtained from two independent measure-
ments. The average lifetime is calculated as 6 ds = f1Ud1+f2Ud2, and the indicated errors were propagated [47].
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fore related to di¡erences involving PE and PC that
alter the polarity at the membrane surface. These
structural alterations may result from di¡erences in
either the hydration or speci¢c intermolecular inter-
actions between TMA-DPH and polar groups asso-
ciated within the glycerol backbone of either DOPE
or DOPC.
It has previously been reported that there are large
changes in the rotational dynamics of DPH-PC upon
incorporation of increasing amounts of PE in lipid
dispersions containing binary mixtures of DOPC and
DOPE [29], suggesting that PE may selectively mod-
ify bilayer structure far from the membrane surface.
To investigate this possibility, we have therefore also
measured the rotational dynamics of DPH-PC and
Fig. 7. Rotational correlation times (A) and calculated order
parameters (B) associated with TMA-DPH partitioned into ei-
ther large unilamellar vesicles with mean diameters of 114 þ 3
nm (a) and 182 þ 7 nm (b) or small unilamellar vesicles with
an apparent diameter of 23 nm (E). Solid lines represent mean
values of the parameter of interest for either large or small uni-
lamellar vesicles. Error bars represent the standard errors of the
mean, and for clarity only half of the error bar is shown. The
linear regression associated with each data set indicated that
there were no alterations in the rotational correlation time or
order parameter upon varying the PE content of the membrane,
and resulted in the following calculated parameters for the
slope (m) and intercept (b) for both the correlation times
(E, m = 0.001 þ 0.003, b = 2.6 þ 0.1 ns; a, m = 0.0006 þ 0.0014,
b = 2.05 þ 0.04 ns; b, m =30.0007 þ 0.0024, b = 2.05 þ 0.08 ns)
and order parameters (E, m =30.0001 þ 0.0004, b = 0.60 þ 0.01;
a, m = 0.0001 þ 0.0002, b = 0.62 þ 0.01; b, m = 0.00002 þ 0.00016,
b = 0.63 þ 0.01).
Fig. 6. Di¡erentially polarized phase angles (A) and modulated
anisotropy ratios (B) as a function of the frequency of the am-
plitude modulated light for TMA-DPH in small unilamellar
vesicles composed of 67% DOPC and 33% DOPE (25‡C, pH
7.0). Best ¢ts of the data (b) to models that assume either a
single rotational correlation time with no residual anisotropy
(i.e., rr = 0; dotted line; M2R=23) or with a nonzero rr (solid
line; M2R = 1.1) are illustrated. A similar goodness of ¢t is ob-
tained upon ¢tting the data to a model involving two rotational
correlation times; in these later cases one of the rotational cor-
relation times is much larger than the excited state lifetime of
DPH (i.e., 6 ds TMAÿDPHW3 ns; Table 1). A consideration of
more complex models that contain additional ¢tting parameters
(e.g., a three-exponential model) results in no signi¢cant im-
provement in M2R. The weighted residuals associated with the
¢ts to the single rotational correlation time with no residual
anisotropy (a) and to the ¢t involving a nonzero residual ani-
sotropy (b) are shown above the frequency dependence associ-
ated with the di¡erential phase (degrees) and the modulated
anisotropy, and represents the di¡erence between the experi-
mental data and the calculated ¢t divided by the respective
standard deviations of the measurement, i.e., 0.2‡ and 0.005.
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DPH-PE. In all cases, the £uorescence anisotropy
decays associated with DPH-PC and DPH-PE were
adequately described by a model involving a single
rotational correlation time (i.e., P1) and a residual
anisotropy (rr). Like the results obtained using
TMA-DPH, we ¢nd that the rotational dynamics
of either DPH-PC or DPH-PE are independent of
the PE content of the membrane (Table 3). Thus,
the average cross-sectional areas of the phospholipid
acyl chains in DOPE and DOPC are very similar for
unilamellar vesicles of the same size.
4. Discussion
4.1. Summary of results
We ¢nd that PE headgroups alter the surface po-
larity of unilamellar liquid-crystalline bilayers at the
level of the glycerol backbone, since increasing the
PE content of the bilayer results in a signi¢cant in-
crease in the average lifetime of TMA-DPH (Fig. 5).
However, there are no corresponding changes in the
average lifetime of DPH-PC or DPH-PE located two
methylene groups deeper within the bilayer (Table 2).
Likewise, the rotational dynamics of either TMA-
DPH, DPH-PC, or DPH-PE are insensitive to alter-
ations in PE concentration in binary mixtures of
DOPC and DOPE (Fig. 7 and Table 3). Thus, the
average cross-sectional areas available to the phos-
pholipid acyl chains are relatively insensitive to the
PE content of the membrane. Since the phosphocho-
line headgroup has a larger molecular volume than
that of phosphoethanolamine, these latter results
suggest that di¡erences in the average conformation
of the glycerol backbone or phospholipid headgroups
in PC and PE maintain optimal van der Waals con-
tact interactions between the phospholipid acyl
chains.
4.2. Relationship to other studies
The present results concerning the in£uence of PE
headgroups on bilayer structure can only be com-
pared with previous measurements that have used
binary mixtures of PE and PC containing identical
fatty acyl chains, which speci¢cally address head-
group e¡ects on bilayer structure. 2H-NMR or
time-resolved £uorescence anisotropy have been
used to measure order parameters (S) of either selec-
tively deuterated lipids or DPH-PC respectively in-
corporated into binary mixtures of PE and PC in
lipid dispersions [24^29]. These earlier studies have
shown that PE headgroups act to increase the order
of phospholipid acyl chains, suggesting that PE
headgroups may function to reduce the available
Table 3
Rotational dynamics of DPH-PC and DPH-PEa
Sample [DOPE] Probe r0 g1 P1 (ns) rr Sb
A. SUVs (W23 nm) 0% DPH-PC 0.37 (0.01) 0.67 (0.03) 4.1 (0.2) 0.12 (0.02) 0.57 (0.02)
PH-PE 0.36 (0.02) 0.66 (0.02) 3.5 (0.3) 0.12 (0.02) 0.58 (0.01)
25% DPH-PC 0.38 (0.01) 0.66 (0.01) 3.9 (0.1) 0.12 (0.01) 0.57 (0.01)
PH-PE 0.36 (0.01) 0.69 (0.04) 3.4 (0.3) 0.11 (0.02) 0.55 (0.03)
50% DPH-PC 0.36 (0.01) 0.67 (0.01) 4.1 (0.1) 0.12 (0.01) 0.57 (0.01)
PH-PE 0.34 (0.01) 0.68 (0.03) 3.7 (0.2) 0.11 (0.01) 0.57 (0.02)
B. LUVs (110 þ 5 nm) 0% DPH-PC 0.36 (0.02) 0.70 (0.04) 4.3 (0.1) 0.11 (0.02) 0.55 (0.03)
PH-PE 0.35 (0.01) 0.74 (0.04) 4.6 (0.1) 0.09 (0.01) 0.52 (0.03)
25% DPH-PC 0.37 (0.01) 0.68 (0.01) 4.4 (0.1) 0.12 (0.01) 0.57 (0.01)
PH-PE 0.35 (0.01) 0.73 (0.04) 4.5 (0.1) 0.10 (0.01) 0.54 (0.03)
50% DPH-PC 0.36 (0.01) 0.66 (0.01) 4.5 (0.2) 0.12 (0.01) 0.58 (0.01)
PH-PE 0.35 (0.01) 0.71 (0.04) 4.3 (0.2) 0.10 (0.02) 0.55 (0.04)
aDOPE concentrations represent the molar fraction of DOPE relative to DOPC. The initial and residual anisotropies (i.e., ro and rr),
the associated amplitudes (i.e., g1 and 13g1), and the rate of rotational motion (P1) associated with a two-exponential ¢t to the data.
Experimental conditions are as described in the legend of Fig. 4, and the indicated errors shown in brackets represent the standard de-
viations obtained from two independent measurements.
bS is calculated using Eq. 12 in Section 2, and the indicated errors were propagated [47].
BBAMEM 77487 3-12-98
G.W. Hunter, T.C. Squier / Biochimica et Biophysica Acta 1415 (1998) 63^76 73
cross-sectional areas of the phospholipid acyl chains.
In contrast, we ¢nd that PE does not a¡ect the rota-
tional dynamics of the phospholipid acyl chains in
unilamellar vesicles of the same size (Fig. 7 and Ta-
ble 3). These latter results are consistent with earlier
measurements that have also shown that di¡erences
in bilayer morphology in liquid-crystalline bilayers
can alter interactions between membrane phospho-
lipids [30,31]. Thus, PE may induce di¡erences in
vesicle morphology in lipid dispersions that alter bi-
layer structure and dynamics in a manner that is
independent of speci¢c lipid-lipid contact interac-
tions within the plane of a single bilayer.
4.3. Relationship between phospholipid headgroup
orientation and cross-sectional area
Neutron di¡raction and NMR measurements sug-
gest that the polar headgroups of all major phospho-
lipids are oriented approximately parallel to the
membrane surface, where the vector associated with
the intramolecular dipole between the phosphate and
nitrogen moieties on the headgroup varies between
15‡ and 30‡ relative to the membrane surface [66].
Di¡erences in the relative size of PE and PC head-
groups have therefore frequently been suggested to
modify the cross-sectional area available to the phos-
pholipid acyl chains in liquid-crystalline (LK) bilayers
(see Section 4.2). These and other studies further-
more indicate that speci¢c intermolecular interac-
tions between phospholipid headgroups in gel-phase
or partially hydrated membranes can function to re-
strict the conformation of phospholipid headgroups
and a¡ect the cross-sectional area available to the
phospholipid acyl chains. However, it remains un-
clear to what extent these stabilizing interactions
are important in de¢ning the conformation of phos-
pholipid headgroups under biologically relevant con-
ditions in which excess water can compete for hydro-
gen bonding interactions [32]. In fact, in fully
hydrated liquid-crystalline membranes the phospho-
lipid headgroup has been shown to undergo rapid
rotational motion around the C(1)-C(2) bond of
the glycerol backbone relative to the membrane nor-
mal. Furthermore, the cross-sectional area of the
phosphocholine headgroup has been shown to de-
pend on the structure of the phospholipid acyl chains
[67]. Thus, the conformational dynamics of the head-
groups of most biologically relevant membrane phos-
pholipids are essentially uncoupled from the slower
rotational motion associated with the nonaxial wob-
ble of the phospholipid acyl chains relative to the
membrane normal [33,68]. The rapid rotational dy-
namics associated with phospholipid headgroups
suggest that noncovalent electrostatic or hydrogen
bonding interactions between neighboring phospho-
lipids are, at best, transient in nature under physio-
logically relevant conditions.
Our results suggest that optimal contact interac-
tions between phospholipid acyl chains in liquid-
crystalline membranes de¢ne the cross-sectional
area available to the phospholipid headgroup. These
results are furthermore consistent with observed dif-
ferences in the thermotropic properties of homoge-
neous populations of lipids containing either PE or
PC headgroups, which are minimized upon increas-
ing the length of the phospholipid acyl chains [32].
Thus, the modulation of the functional properties of
a range of di¡erent membrane proteins upon system-
atically altering the structure of the phospholipid
acyl chains may be related to di¡erences in the con-
formation of phospholipid headgroups. Alterations
in the structure of the phospholipid acyl chains
may modulate the cross-sectional area available to
the phospholipid headgroups, which may be impor-
tant in modulating the function of membrane pro-
teins [5,21,31,69,70].
4.4. Conclusions and future directions
We have shown using binary mixtures of DOPE
and DOPC in liquid-crystalline unilamellar vesicles
that the PE content of the membrane modi¢es the
polarity at the membrane surface, but does not sig-
ni¢cantly alter the rotational dynamics of the phos-
pholipid acyl chains. Since the rotational dynamics
of phospholipid acyl chains are sensitive to altera-
tions in the relative cross-sectional area, compensa-
tory changes in the average orientation of PE and PC
headgroups relative to the membrane surface may
function to maintain optimal contact interactions be-
tween the phospholipid acyl chains. These adaptive
structural alterations involving the phospholipid
headgroups would explain the similar rotational dy-
namics observed for the phospholipid acyl chains of
DOPE and DOPC. Because of the large dipole mo-
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ments associated with the phosphocholine and car-
bonyl groups in PC, small alterations in the average
orientation of the glycerol backbone or phospholipid
headgroup relative to the membrane normal have the
potential to modify the dipole potential at the bilayer
surface [67,71]. Changes in the membrane dipole po-
tential may, in turn, modulate the conformation of
membrane proteins that arise because of the dipolar
coupling between the glycerol backbone or phospho-
lipid headgroup and acidic residues or K-helical
structural elements within membrane proteins. Fu-
ture work should directly consider the structural in-
teractions between PE and integral membrane pro-
teins that modulate ion transport function.
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